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This invention relates to a photodetector circuit. 

5 Semiconductor photodetectors based on the silicon bandgap are suitable for 
operation in the visible and near infrared region of the spectrum. Prior art silicon 
photodetectors can be constructed in compact form and cheaply using mature CMOS 
technology. Photon illumination of a photodiode results in the generation of an 
electrical current, the photocurrent. It is desirable for many applications for the 

10 photodetector to be responsive to a very wide range of input intensities. This is 
facilitated by passing the photocurrent through a MOSFET load device operating in 
its subthreshold regime. In this regime, MOSFET output (voltage) response is a 
logarithmic function of its input (current). Thus the combined photodiode/MOSFET 
device has a logarithmic illumination versus output voltage characteristic. The 

15 dynamic range of the overall system is very large: detectable illumination may vary 
by as much as 5 or 6 orders of magnitude. 

A problem with such prior art devices is that the MOSFETs have inherent leakage 
currents which represent a substantially constant loss in a stable environment. 

20 Leakage current is not a significant problem in high illumination intensity when the 
MOSFET is operated at current levels far larger than the leakage level. However, it 
can severely degrade detector sensitivity at low light levels when photocurrent may 
potentially be even smaller than leakage current. Very low light sensitivity has been 
improved by moving from pure CMOS to parasitic bipolar circuitry within a CMOS 

25 process. While this may have some specialist applications, the cheaper and more 
compact pure CMOS devices work acceptably well down to twilight illumination levels 
and the adaptation is not generally worthwhile. 

A more fundamental obstacle to the general portability of CMOS photodetectors is 
30 their temperature instability. Leakage currents are highly temperature dependent and 
increase severely at elevated temperatures. This is potentially a serious barrier to 
the commercial uptake of CMOS detectors in instruments such as the recently 
developed digital cameras. This is despite the inherent cost and performance 
advantage offered by CMOS over currently used CCD detectors. There is a 
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perceived market for a single camera which operates effectively in the variety of 
environments and throughout the whole range of illumination levels to be anticipated 
by the modem photographer. 

The low-light sensitivity of pure CMOS photodetectors has been improved by 
operating at low temperatures and exploiting the consequent reduction in leakage 
current. However cooling apparatus e.g. Peltier cooler or dewar. is bulky and 
represents a significant drain on power sources, proving inconvenient to numerous 
applications. 

It is the object of this invention to provide a photodetector with improved temperature 
stability. 

The present invention provides a photodetector circuit incorporating photon detecting 
means arranged to produce an electric current in response to incident photon 
illumination associated with a current load device arranged to produce a voltage 
response to current flow characterised in that 

(a) the photon detecting means is arranged to provide an output current which is 
supplied to the current load device, 

(b) the current load device has a current-voltage characteristic in which the voltage 
is a logarithmic function of current flow, and 

(c) the photon detecting means is a phototransistor with a current gain factor greater 

than unity. 

This invention provides the advantage of improved temperature stability compared to 
prior art photodetecting devices which are also capable of responding to a large 
dynamic range of incident illumination intensities. The gain of the phototransistor 
acts on the generated photocurrent to produce an output current larger by a factor of 
- 100 in comparison with that generated by a comparable p-n photodiode. This 
amplification of the current supplied to the current load device ensures that current 
within the load is generally much higher than the leakage current, even at elevated 
temperatures and yet still maintains the load logarithmic voltage response. Leakage 
current therefore represents only a small loss from the perceived photocurrent and 
accurate intensity measurements can be made at low illumination levels. 
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In order that the invention might be more fully understood, an embodiment thereof 
will now be described with reference to the accompanying drawings in which: 

Figure 1 is a circuit diagram of a prior art photodetector pixel. 
Figure 2 is circuit diagram of a photodetector pixel of the invention. 

With reference to Figure 7, a pixel of a prior art photodetector circuit is illustrated 
generally by 10 This photodetector pixel 10 is suitable for incorporation in an array 
of like pixels to create a detector array. The photodetector pixel 10 comprises a 
photodiode 12 and load metal oxide field effect transistor (MOSFET) 14 connected 
via MOSFET source 16 at connection node 18. The MOSFET 14 also has drain 
connected to both gate and power supply V OD and therefore constitutes a load for the 
photodiode 12. In this arrangement light 20 incident on the photodiode 12 results in a 
photocurrent i ph and voltage V ph being developed at the connection 18. This 
connection 18 is buffered from a constant current sink (not shown) by a second 
MOSFET 22. The second MOSFET 22 has gate 24 connected to the connection 18, 
drain 26 connected to the power supply Vpo and source 28 to a MOSFET switch 30. 
It thus constitutes a source-follower driver. A switch voltage (V aw ) may be applied to 
a MOSFET gats 32 in order to operate the MOSFET switch 30. This provides for an 
output voltage (V out ) to develop at a pixel output line 34 which is connected to an 
array readout circuit (not shown). 

Figure 2 illustrates a photodetector pixel circuit of the invention, indicated generally 
by 100. This photodetector pixel 100 comprises a number of components which are 
common to the prior art device 10. Such components are referenced by numbers 
100 greater than the corresponding references in Figure 1 and include: a load 
MOSFET 114 with source 116 connected to connection node 118 and drain and gate 
connected as for Figure 7; second MOSFET 122 with gate 124. drain 126 and source 
128 connected as for Figure 1; switching MOSFET 130 addressed via its gate 132; 
and pixel output line 134. The photodetector pixel of the invention 100 also includes 
a bipolar phototransistor 200. The bipolar phototransistor 200 has its emitter 
connected to connection node 118. 
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With reference to Figure 1, the operation of the prior art photodetector pixel 10 will 
now be described. Light 20 incident on the photodiode 12 results in the generation of 
photocurrent / p/) . This current is constrained to flow as the source-drain current of the 
S load MOSFET 14 by virtue of its isolation from the remainder of the circuit by the 
second MOSFET 22. A fraction of this photocurrent is however lost from the 
MOSFET 14 as a leakage current and the MOSFET 14 actually operates at 

an input channel current l ch . In consequence of this channel current l cht a voltage 
difference (V gs ) develops between gate and source of the load MOSFET 14 to the 

10 extent necessary to operate the load MOSFET 14 at this current t ch . This voltage 
difference V g3 is attained by driving a voltage at the MOSFET source 16 to a value 
V P h (~Vdd - Vga)- This voltage V ph is therefore that appearing on the connection node 
18 f which contains information regarding illumination intensity and which is 
consequently termed the photovoltage. The photodetector 12 is constructed such 

15 that over a range of expected illumination intensities, the generated photocurrent (/ pft ) 
is much less than that needed to drive the voltage difference V g9 above the load 
MOSFET threshold voltage. The MOSFET 14 therefore operates in its subthreshold 
regime. In this regime, a MOSFET drain current is an exponential function of its 
gate-source voltage difference (V gg ) and therefore also of its source voltage (V £ ): 

20 l d qc exp (V B ). In the photodetector circuit 10, the gate voltage is held at Vqo and the 
source voltage is the photovoltage developed at connection 18. The drain current 
is the channel current and so: 

It* °c exp ( v^) 
=> V ph «: In lch 

25 and «: In (/^ - // eakaffa ) 

Thus, if the leakage current is negligible in comparison with the generated 
photocurrent, the photovoltage is proportional to the logarithm of the photocurrent 
response: Vph In l P h- 

30 The voltage Vph generated at connection 18 is applied to the gate 24 of the second 
MOSFET 22. The drain-source current of this MOSFET 22 is constant, constrained 
by the constant current sink. The voltage (V^) at the source 28 of this MOSFET 22 
therefore follows any variation in the gate voltage (photovoltage V^) in order to 
maintain this constant current. The MOSFET 22 thus functions as a source-follower 




16-06-97 12:19 01684^5542 P. 14 R-253 Job-722 

* 

JUN. ' 97 (MON) 12:20 DRA MALVERN IPD/M FAX : 01684 895542 P. 014 




~5- 



driver: = V ph - A, where A is the voltage drop required to operate the MOSFET at 
the current provided by the constant current sink. This MOSFET 22 isolates the 
connection node 18 and therefore provides a buffering capability between the 
connection node 18 and readout circuit. The voltage (V ph ) at connection 18 is thus 
5 fr ee to vary in accordance with the photocurrent (l ph ) with negligible influence from 
the readout circuit. In summary, the MOSFET 22 drives its source voltage to 
follow the photovoltage V^,.- a logarithmic function of the photocurrent l ph . 

Switching MOSFET 30 acts to switch a voltage on the source 28 of the second 
10 MOSFET 22 to the pixel output line 34, the output line 34 being shared by several 
pixels. Application of an appropriate voltage (V £W ) to the gate 32 turns the switching 
MOSFET 30 ON and whatever voltage is present on the source 28 of the second 
MOSFET 22 is passed substantially unaffected to the pixel output line 34 as output 
voltage V ou t In this way, a pixel is addressed via a voltage {V aw ) to the switching 
15 MOSFET 30 which enables the output voltage (V out ) to be read by the readout circuit. 
This output voltage (V out ) is a measure of the photovoltage (V^,) developed at the 
load MOSFET source 16 in response to illumination of the photodiode 12. In 
particular: 

V out = Vgf = Vph - A, and 

20 Vph ^ Uph ~ heakago) 

In situations in which the leakage current is negligible, the prior art photodetector 
pixel 10 thus produces an addressable output voltage which is a measure of the 
logarithm of the input illumination intensity. 

25 If the leakage current is not negligible the prior art photodetector sensitivity is 
reduced. In some working environments e.g. an air-conditioned office, the 
temperature is generally sufficiently stable and cool and the illumination intensity 
adequately high that no significant reduction in sensitivity occurs. However, at higher 
temperatures leakage current increases dramatically and picture quality in darker 

30 areas of even a standard scene may be severely degraded. Thus prior art CMOS 
imagers are not appropriate if required to be used in differing environments or in 
those for which a variety of ambient temperatures are anticipated. 
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With reference to Figure 2, the operation of the photodetector pixel of the invention 
will now be described. The bipolar phototransistor 200 provides an output current / w 
which is a measure of incident light 120 intensity. Bipolar phototransistors are known 
in the prior art. They behave essentially as standard bipolar transistors but the base 
signal is generated by photon illumination. The base current is similar in magnitude 
to that of a photodiode fabricated from identical materials. The collector current is 
equal to the base current multiplied by the transistor gain factor p. A typical 
phototransistor structure has a p value of around 100. Thus, in this invention, the 
current output from the phototransistor 200 is given by 

/&, = P I'ph 

W h ere /'^ j s the current which is generated by a photodiode fabricated from the same 
base-emitter material. 



Illumination of phototransistor 200 therefore results in the generation of a bipolar 

15 photocurrent Thereafter, operation of many components of Figure 2 are similar to 
those of Figure 1. Voltages generated which are analogous to those within the prior 
art photodetector pixel 10 but dependent on bipolar current i ti t as opposed to f ph will 
be indicated as such by the use of the previous symbol primed. The bipolar 
photocurrent /*/ is constrained to flow as the source-drain current of the load 

20 MOSFET 114. The gate-source voltage of the MOSFET 114 is raised to a level 
consistent with the actual channel current: the bipolar photocurrent / w less an 
amount lost as MOSFET leakage current /W^, which causes a voltage V fih to 
develop at connection node 118. The bipolar photocurrent operates the MOSFET 
114 in its subthreshold regime and so V ph *c In (i bi - I'^qk^- The second MOSFET 

25 122 is configured as a source-follower driver and so V p h is passed from its gate 
connection with connection 118 to source 128 ( less an offset A*. This source voltage 
is passed to the pixel output line 134 as W out on activation of the switching MOSFET 
130. Thus the photodetector pixel 100 of the invention provides an addressable 
output voltage which is given by 

30 V' ouf s V ph - A', and 

Wph °c It! (/f)/ - /'teefcogo). 
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and which is therefore a measure of the logarithm of the input illumination intensrty. 
,n this invention however, the phototransistor current is a factor of - 100 larger than 
the equivalent photodiode current generated in the prior art dev.ce: 

V ph oc In (p/'ph - /Wage). 0 ~ 100 

in both photodetector pixel circuits 10. 100 herein described, the leakage current 
occurs at the load MOSFET 14. 114. This leakage is a significant proport.cn of the 
photocurrent if the photocurrent is at the low end of its range i.e. low illum.nat.on 
and/or high operating temperature. By using a phototransistor in place of . 

,0 conventional photodiode the photocurrent is magnified by a gain factor p wh,ch 
appears to the pixel circuit to be equivalent to an increased photocurrent. Th.s larger 
current through the load MOSFET 114 effectively raises the operating regime of the 
load MOSFET 114 above problematic leakage levels. Variations in the leakage 
current /' teekaffe due to temperature fluctuations will not significantly affect p/>. despite 

15 an order of magnitude equivalence between and I'mekags- 

The photodetector circuit 100 of the invention is fabricated in BiCMOS technology. 
BiCMOS is optimised for both bipolar and CMOS technology but it is significantly 
more expensive to implement than CMOS. For most applications the expense of 
20 BiCMOS cannot be justified and its adoption is not normally considered. However, 
the advantages to be gained in reducing the temperature sensitivity of large dynamic 
range photodetectors while still maintaining accurate pixel resolution justify th.s 
surprising application of BiCMOS. 

It will be appreciated by one skilled in the art of circuit design that only one 
embodiment is described herein and the invention may be equivalent* implemented 
in a variety of bipolar transistor - MOSFET combinations. In this embodiment a pnp 
phototransistor is illustrated with an NMOS load. Both pnp and npn phototrans.stors 
may be used in combination with either NMOS or PMOS loads to produce the 
temperature-robust photodetector of the invention. Preference for a particular 
combination may be for a variety of reasons - a likely consideration will be the way .n 
which the BiCMOS fabrication process is implemented. 




25 



30 
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In another embodiment, an intensity attenuator is incorporated in the invention. This 
enables the photodetector 1 00 to function comparably with prior art devices at high 
illumination intensities. The attenuator is arranged to reduce the incident light 
intensity in high-illumination situations prior to its detection by the phototransistar. 
This effectively raises the illumination upper threshold at which the pixel circuit 100 
can operate. This is necessary to maintain load MOSFET 114 operation in its 
subthreshold region. There is a maximum MOSFET current limit, above which the 
characteristic is no longer logarithmic and saturation begins to occur. This 
embodiment of the invention effectively shifts this upper limit to a higher illumination. 
This maintains a large operating range despite gain being included in the 
photodetector to counteract performance degradation in variable temperature 
environments. The attenuation may be provided by, for example, reducing the 
photodetector lens aperture. 

Standard CMOS technology is most effectively used in circuit designs based on 
MOSFET elements. Bipolar phototransistors may be manufactured in CMOS as a 
parasitic lateral or vertical bipolar transistor, but this is not ideal as such devices are 
not optimised on a standard CMOS process. Although they may be suitable for some 
applications, these bipolar phototransistors are large and have low matching. The 
former feature forces the detector designer to accept either poor pixel spatial 
resolution or an expensive requirement for a physically large array. The latter feature 
leads to high fixed pattern noise. These disadvantages have been accepted in some 
applications requiring very low-light sensitivity, and they may also prove acceptable 
when the purpose is to provide temperature insensitivity. 

However an additional advantage provided by BiCMOS still remains. BiCMOS allows 
the readout circuit to be made with lower noise that an equivalent CMOS circuit, thus 
increasing the performance of the photodetecting system still further. 



4^TO! 
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Claims 

1. A photodetector circuit (100) incorporating photon detecting means (200) 
arranged to produce an electric current (/«,,) in response to incident photon 
illumination associated with a current load device (114) arranged to produce a 
voltage (V gs , V p „) response to current flow characterised in that 

(a) the photon detecting means (200) is arranged to provide an output current 
(/ w ) which is supplied to the current load device (1 14), 

(b) the current load device (114) has a current-voltage characteristic in which 
the voltage is a logarithmic function of current flow, and 

(c) the photon detecting means (200) is a phototransistor with a current gain 
factor (P) greater than unity. 

2. A photodetector circuit (100) according to Claim 1 characterised in that the 
current load device (114) is a MOSFET device with its source (116) or drain 
connected to the phototransistor (200) and the phototransistor (200) is arranged 
to produce an electric current (/«) which is low enough to operate the MOSFET 
(114) in its subthreshold regime. 

3. A photodetector circuit (100) according to Claim 2 characterised in that the 
phototransistor (200) is a bipolar transistor incorporating a photodetecting base 
region and with emitter connected to the load MOSFET (1 14). 

4. A photodetector circuit (100) incorporating photon detecting means (200) 
arranged to produce an electric current (/ b( ) in response to incident photon 
illumination associated with a current load device (114) arranged to produce a 
voltage (V ffa . V%) response to current flow characterised in that the 
photodetector (100) sensitivity is substantially unaffected by environmental 
temperature variations within a range -20 to 60°C wherein 

(a) the photon detecting means (200) is arranged to provide an output current 
(/ te ) which is supplied to the current load device (114), 

(b) the current load device (114) has a current-voltage characteristic in which 
the voltage is a logarithmic function of current flow, and 

(c) the photon detecting means (200) is a phototransistor with a current gain 
factor (P) greater than unity. 
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5 A photodetector circuit (100) according to Claim 4 characterised in that the 
current load device (114) is a MOSFET device with its source (116) or drain 
connected to the phototransistor (200) and the phototransistor (200) is arranged 
to produce an output current (/*) which is sufficiently low to operate the MOSFET 
(114) in its subthreshold regime. 

6. A photodetector circuit (100) according to Claim 6 characterised in that the 
phototransistor (200) is a bipolar transistor incorporating a photodetecting base 
region and with emitter connected to the load MOSFET (114). 

7. A photodetector circuit (100) according to any preceding claim characterised in 
that the photodetector (100) is for the purpose of operation in environmental 
temperatures ranging from -20 to 60°C with substantially unaffected sensitivity at 
illumination levels down to 1 lux. 

8. A photodetector circuit (100) according to any preceding claim characterised in 
that the phototransistor (200) and current load device (114) are fabricated using 
BiCMOS technology. 

9. A photodetector circuit (1 00) according to any preceding claim characterised in 
that the circuit (100) incorporates an attenuator arranged to reduce the intensity 
of light (1 20) prior to incidence on the photon detecting means (200) to an extent 
necessary to provide for the resultant output current (/*) to be low enough to 
operate the MOSFET (1 14) in its subthreshold regime. 

10. A photodetector circuit (100) according to Claim 9 characterised in the 
photodetector (100) is capable of operation in environmental temperatures 
ranging from -20 to 60°C with substantially constant contrast sensitivity. 

11. A photodetector circuit (100) according to Claim 3 or 6 characterised in that the 
load MOSFET (114) and phototransistor (200) are connected at a common 
connection point (118) to buffering means (122) and the buffering means (122) is 
connected to a pixel readout circuit. 
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12. A photodetector circuit (100) according to any preceding claim characterised in 
that it is incorporated in an array of like circuits (1 00). 

13. A temperature-robust photodetector circuit (100) characterised in that it includes 
a bipolar phototransistor (200), a load MOSFET (114) and voltage detecting 
means (122. 130, 134) wherein: 

(a) the bipolar phototransistor (200) is arranged to supply photocurrent output 
(/b,) to the load MOSFET (114), 

(b) the phototransistor (200) is arranged such that photocurrent output (/ w ) is 
sufficiently small to maintain subthreshold operation of the load MOSFET ^ 
(114). and 

(c) voltage detecting means (122. 130. 134) is arranged to detect a voltage 
output from the load MOSFET (1 14) in response to photocurrent supply. 

14. A temperature-robust photodetector circuit (100) characterised in that it includes 
a bipolar phototransistor (200). a load MOSFET (114) and voltage detecting 
means (122. 130, 134) wherein: 

(a) the bipolar phototransistor (200) is arranged to supply photocurrent output 
(/ w ) to the load MOSFET (114), 

(b) the phototransistor (200) is arranged such that photocurrent output (/ bi ) Is 
sufficiently small to maintain subthreshold operation of the load MOSFET. 

(c) voltage detecting means (122, 130, 134) is arranged to detect a voltage 
output from the load MOSFET (114) in response to photocurrent supply, and 

(d) the phototransistor (200) and load MOSFET (114) are fabricated using 
BiCMOS technology. 

15. A temperature-insensitive method of measuring photon radiation intensity over a 
dynamic range greater than four orders of magnitude characterised in that the 
method comprises the steps of: 

(a) providing a BiCMOS-fabricated photodetector circuit (100) comprising a 
bipolar phototransistor (200) arranged to supply output current (/ w ) to a load 
MOSFET (114). 
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(b) arranging the phototransistor (200) to respond to incident radiation (120) by 
providing output current (/ w ) to operate the load MOSFET (114) 
subthreshold, 

(c) detecting the load MOSFET output voltage (V^) response to said output 
current (/w)- 

16. A detector array characterised in that it is an array of photodetector circuits each 
in accordance with Claim 1 . 

17. A digital camera characterised in that it incorporates an array of photodetector 
(V circuits each in accordance with Claim 1 . 
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ABSTRACT 

A photodetector circuit (100) fabricated in BiCMOS exhibits improved temperature 
stability. A bipolar phototransistor (200) generates a photocurrent (/«) in response to 
illumination. This photocurrent (U is passed through a diode connected load 
MOSFET (114) operating subthreshold which gives a logarithmic voltage output. 
This ensures a large dynamic range of the photon detection system. The 
phototransistor (200) has gain O) which amplifies an initial current response and 
ensures that current (l bi ) through the load MOSFET (114) is significantly higher than 
MOSFET leakage current. ThiB improves performance at high temperatures when 
the leakage current is large, whilst maintaining photodetector sensitivity to low 
illumination levels. 




Figure 2 should accompany this abstract. 
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